Chemotaxis plays a critical role in tissue development and wound repair, and is widely studied using ex vivo model systems in applications such as immunotherapy. However, typical chemotactic models employ 2D systems that are less physiologically relevant or use end-point assays, that reveal little about the stepwise dynamics of the migration process. To overcome these limitations, we developed a new model system using microfabrication techniques, sustained drug delivery approaches, and theoretical modeling of chemotactic agent diffusion. This model system allows us to study the effects of 3D architecture and chemotactic agent gradient on immune cell migration in real time. We find that dendritic cell migration is characterized by a strong interplay between matrix architecture and chemotactic gradients, and migration is also influenced dramatically by the cell activation state. Our results indicate that Lipopolysaccharide-activated dendritic cells studied in a traditional transwell system actually exhibit anomalous migration behavior. Such a 3D ex vivo system lends itself for analyzing cell migratory behavior in response to single or multiple competitive cues and could prove useful in vaccine development.
Introduction
Concentration gradients of bioactive signaling molecules regulate processes ranging from embryonic development [1] to wound repair [2] , as cells express directional locomotion directed by these gradients in a process termed chemotaxis. Commonly used chemotactic assays include Boyden chamber [3] , under-agarose assay [4] , Zigmond chamber, [5, 6] , Dunn chamber [7] , and micropipette assay [8] . These assays, although inexpensive and easy to use, have several limitations; they restrict observation of cell migration to two dimensions, do not allow one to monitor the dynamics of migration and do not sustain the signaling gradients for more than a few hours [9] . For example, the Boyden chamber, which is an endpoint assay, does not allow observation of chemotaxis visually, and cannot directly distinguish chemotaxis (oriented locomotion) from chemokinesis (stimulated nondirected or random locomotion). Various confounding variables, including variations in the pore size and thickness of membranes used in this assay further obscure the migratory response of cells to chemokines [10, 11] . Variations to existing systems allow for the development of gradients with better stability [12, 13] . Microfluidics-based methods for generating stable concentration gradients have recently been developed [14, 15] , but they typically expose cells to shear flow, which can bias directional motility [16] and inadvertently dilute autocrine/paracrine factors secreted by the cells. Current microfluidic chemotaxis chambers also limit studies of cell migration to two-dimensional (2D) substrates, but many relevant biological processes including immune cell migration and cancer cell invasion, involve migration in a three-dimensional (3D) environment.
A particularly important example of 3D cell migration is the chemotaxis of dendritic cells (DCs). DCs act as sentinels for the immune system, with immature dendritic cells patrolling the body to seek out foreign agents such as bacteria, viruses, or toxins. The dendritic cells bind, ingest, and present fragments of antigens on cell surface receptors; in addition, encounters with antigens also trigger dendritic cell maturation (or activation), which enables these cells to home to the lymph nodes in response to chemotactic agents (chemokines) secreted from the node [17] . The upregulation of chemokine receptors upon the activation of DCs allows chemotactic migration of these cells [18] . Specifically, mature dendritic cells upregulate CCR7, a chemotactic factor receptor that binds the lymph node-derived chemokines CCL19 and CCL21 [18, 19] . Expression of CCR7 enables the directed migration of these cells to the spleen, or through the lymphatic system to a lymph node, where they present antigens to other immune cells, and generate an immune response to the antigen [20, 21] . Maturation also involves upregulation of other cell-surface receptors including CD80 (B7.1), CD86 (B7.2), and CD40, that act as co-receptors and enhance T-cell activation [17] . In spite of the importance of dendritic cell migration to proper immune system function and successful DC-based anti-tumor therapy, quantitative understanding of 3D dendritic cell migration is currently quite limited.
In this paper, we describe an approach to simultaneously study the influence of chemotactic signals and 3D architectural features of an adhesion substrate on directed 3D dendritic cell migration. We used two-photon polymerization to fabricate 3D interconnected scaffolds with precise architectural control at the micrometer scale. A sustained release system is integrated into a microfabricated chamber to generate chemotactic gradients in the scaffolds containing cells. We developed a theoretical model to obtain the concentration, release and gradient profiles of chemokines and to predict a range of scaffold architectural parameters that either promote or restrain the motion of cells in response to a chemokine gradient. Finally, a live imaging and analysis system permits us to study chemotactic cell migration within the scaffolds, and to directly test how architectural features regulated chemokine-driven chemotaxis.
Materials and methods

Primary cells (DCs) isolation and culture
A protocol developed by Lutz et al [22] . was adopted for generation and purification of primary bone-marrow-derived dendritic cells (BMDCs). Briefly, bone marrow cells were flushed from the femurs of green fluorescent protein-expressing (GFP) C57BL/6 mice and cultured in 100-mm bacteriological petri dishes (Falcon number 1029/Becton Dickinson). Cell culture medium RPMI-1640 (R10) (Sigma) was supplemented with 1% Penicillin-Streptomycin (Invitrogen), 2 mM L-Glutamine (Invitrogen), 50 mM 2-mercaptoethanol (Sigma) and 10% heat-inactivated fetal bovine serum (FBS, Invitrogen). At day 0, bone marrow leukocytes were seeded at 2 Â 10 6 cells per 100-mm dish in 10 ml R10 medium containing 20 ng/ml granulocyte-macrophage colony-stimulating factor (GMCSF) (Peprotech). At day 3 another 10 ml R10 medium containing 20 ng/mL GMCSF was added to the plates. At days 6 and 8, half of the culture supernatant was collected and centrifuged, the cell pellet was resuspended in 10 ml fresh R10 containing 20 ng/mL GMCSF, and placed back into the original plate. We used the non-adherent cell population in the culture supernatant between days 8 and 12 for all our experiments.
Transwell migration
Transwell migration studies were performed by plating cells in the top well, and adding chemokine/adjuvant to the bottom well underneath the porous membrane. 600 mL of media with 300 ng/mL of CCL19 (Peprotech) was added to the bottom wells. 3 Â 10 5 cells suspended in 100 mL of conditioned media were added to the top transwell. Three cell conditions were tested: (1) unstimulated cells, (2) cells stimulated with condensed 5 mg/mL CpG (Invivogen) (with 1 mg/mL prostaglandinE2 (PGE2), from Cayman Chemical) and (3) cells stimulated with 1 mg/mL LPS (Sigma).
The number of cells that migrated from the top well to the bottom well through the porous membrane was counted at the end of 12 h to quantify migration. Cells that had migrated to the bottom well were collected by treatment with 0.25% trypsin-0.03% ethylenediaminetetraacetic acid (EDTA, Invitrogen) and counted with a Z2 coulter counter (Beckman Coulter, Inc.).
FACS staining and sorting
CpG was condensed with polyethyleneimine (PEI, Sigma) [23] to decrease its size and enhance its uptake by cells. As PGE2 has been reported to enhance dendritic cell activation and migration in vitro [24, 25] it was used in conjunction with CpG activation. For activation, a combination of 5 mg/mL of condensed CpG and 1 mg/mL of PGE2, or 1 mg/mL of LPS was used.
For fluorescence activated cell sorting (FACS) characterization, cells were stimulated with CpG/PGE2 or LPS for 24 h, and then collected (3 Â 10 6 cells for each condition) to stain and quantify for surface presence of the costimulatory molecule CD86. For staining, the cells were washed and resuspended in a 'wash medium' consisting of phosphate buffered saline solution with 10% FBS (Invitrogen) and 1% sodium azide (Sigma). Using 0.06 mg of antibody per million cells in a 100-mL volume of wash medium, cells were incubated with a fluorophore tagged anti-CD86 molecule (Ebioscience) for 30 min over ice on a shaker. The cells were washed thrice in wash medium and FACS analysis was used to quantify the number of fluorescently labeled cells for different stimulatory conditions. The percentage activation was measured against the isotype control, to account for non-specific staining.
To separate the 100% activated cell population from their unactivated counterparts, the cells were preactivated with CpG for 24 h. They were then stained with CD86 antibody as described above and sorted using FACS machine to collect both positive and negative populations.
Fabrication of L-shaped device
An L-shaped device for studying chemotaxis was made using a combination of two-photon polymerization and polydimethylsiloxane (PDMS) molding. First, twophoton polymerization was used to fabricate a scaffold using triacrylate polymer on a coverglass as described in detail in our previous work [26] . Briefly, the triacrylate monomer was placed on a coverglass and polymerized using a focused femtosecond laser beam. The unpolymerized monomer was washed off using a solvent to yield a three-dimensional interconnected scaffold. The scaffolds were 600 mm long, 600 mm wide and about 100 mm high. Then PDMS walls 1 mm in height by 1 mm in width, as shown in Fig. 1 , were replicated from an L-shaped mold made from plastic. The center of middle chamber of the L-shaped device was aligned with the center of the scaffold under a microscope and the walls were stuck to the cover glass with the scaffolds. Each chamber in the L-shaped device was 3 Â 3 mm. 
Chemokine release study
To measure the release profile of chemokine, a collagen solution containing the chemokine was prepared. Collagen gel discs were prepared by placing 50-mL drops of collagen gel solution in a 24-well plate and allowing them to gel for 1 h. The discs were placed in blank media and the surrounding medium was collected and replenished at regular time intervals. Cumulative release of the chemokine in the surrounding medium was measured using an Enzyme-linked immunosorbent assay (ELISA) kit for analyzing and measuring CCL19.
Collagen gel preparation, cell seeding and device set-up
Rat tail collagen I (BD Biosciences) was used for all the experiments with collagen and is referred to as the stock solution, which has a starting concentration of 3.5 mg/mL. A neutralized working solution of collagen was prepared by mixing the collagen stock solution with 10 Â RPMI medium in a 9:1 ratio and adding 23 mL of 1 M NaOH (sodium hydroxide) for every mL of collagen stock solution. The pH of the working solution was adjusted to 7e7.4 using 1 M NaOH or 1 M HCL solutions. Finally, a 1.2-mg/mL solution of collagen was prepared by mixing the required amount of 1Â RPMI medium to the neutralized working solution of collagen. This solution would gel if kept under physiological conditions of 37 C, 5% CO 2 , and humidified atmosphere for 1 h.
Green fluorescent protein-expressing dendritic cells isolated from GFP mice and cultured as described above, were encapsulated in collagen gel by making a low density (10 6 cells/mL) suspension of cells in collagen solution. 17.5 mL of the cellcollagen suspension was added to the center chamber of the "L-shaped" chamber and the device was kept inside an incubator maintained at 37 C and 5% CO 2 for 10 min. Then 15 mL of 1.2-mg/mL solution of collagen (blank or with chemokine) was added to the side chambers, as required and kept in the incubator for another 30 min. After that, 600 mL of blank collagen solution was added on the top and again kept in the incubator for 1 h. Finally, RPMI medium without GMCSF was added to prevent the collagen gel from drying. For all experiments, the chemokine source (collagen gel with chemokine) was placed in the right chamber, so that the cells would experience a pull in the positive x-direction in the presence of a chemokine. Soon after the cells were seeded into the chamber, live imaging was started. Z-stacks of fluorescence images were taken at the center of the chamber.
Live imaging, cell tracking and analysis
Snapshots were taken at the center of chamber, where the scaffold is present and also outside the scaffold (on the right side) to compare the motion of cells within and outside of scaffold. Images were taken at intervals of 4 min for a period of 24 h. Imaris software was then used to analyze the images and track the motion of cells. To take into account the movement of cells with respect to the chemokine chamber, average x-velocity was defined and calculated as the total displacement in the x-direction divided by the total imaging time for each cell, and averaging this value for all the cells in a given condition. If the chemokine is placed on the right side of the cells then a positive average x-velocity corresponds to a directed motion towards the chemokine. This parameter quantifies chemotaxis or directional migration of cells in response to a chemokine gradient. Average y-and average zvelocities were calculated in a similar manner. The overall average speed of the cells was also calculated, and defined as the total distance travelled by each cell divided by total imaging time. This parameter quantifies chemokinesis or random migration of cells in response to the presence of a chemokine.
Modeling
The concentration of a chemokine inside any part of the device was calculated from Fick's law of diffusion given by:
Here, c is the concentration of the chemokine varying in time and space, D is the diffusion coefficient of the chemokine in gel and R is the reaction rate of the chemokine. The diffusion coefficient in gel and water were assumed to be similar and the value used for calculation was 1.4 Â 10 À6 cm 2 /s. The degradation of the chemokine was assumed to follow a first-order reaction. ELISA was used to measure its bioactivity and calculate the half-life, which was found to be 12 h (data not shown). This led to a reaction rate of À0.000016 c. COMSOL finite element modeling software was used for simulations. A one dimensional model was used to describe the cell concentration u in time t and space by [31] :
Here, c is the concentration of the chemokine varying in time and space, c is the chemotactic coefficient and m is the random motility (i.e., cell diffusion) coefficient. m and c are taken to be constant about the values of c and vc=vx that are considered.
The concentration of the chemokine c follows the diffusion law given by Eq. (1). A continuum model was used so that the effect of architecture could be incorporated as well ( Fig. 6 ). Using the necessary initial and boundary conditions inside the specified architecture of the system, Eqs. (1) and (2) were solved, accounting for the dynamic interplay of cell and chemokine concentrations.
The initial conditions were set to take into account the presence of a source of chemokine on the right side and the presence of cells in the center chamber. The boundary conditions were set for the flux of the cells ðngDVu ¼ 0Þ and that of the chemokine ðngDVc ¼ 0Þ to be zero inside the solid beams of the scaffold. Also, the concentration of both the cells (u ¼ 0) and the chemokine (c ¼ 0) were set to zero. For all the simulation work, parameters were derived from the experimental values.
Results
Development of migration system
As described previously [26] , two-photon polymerization was used to fabricate scaffolds for studying the migration of cells in three dimensions. The photopolymerized scaffolds were fabricated in the shape of interconnected woodpile structures, that were approximately 600 mm long and wide, and 100 mm high (Fig. 1a ). The pore-sizes used for this study were 25 mm, 50 mm and 75 mm; the corresponding scaffolds are designated as small, medium and large, respectively. All chemotaxis related experiments in this study were carried out with CCL19 as the chemokine. In order to monitor the real time CCL19 effects on directed migration of cells, a device was fabricated to generate chemotactic gradients. This device was modeled in an L-shape, with the CCL19 localized in collagen gel in one of the end-chambers (Fig. 1a ). This chamber served as chemokine source for cells localized in the middle chamber. Finite element modeling was used to determine the required dimensions and the role of CCL19 release kinetics in generating gradients in the device. The time evolution of concentration of CCL19 in the cell chamber was calculated from Fick's law of diffusion. CCL19 was mixed directly into a gel and placed in one of the end-chambers. Direct measurement of chemokine release from the gel revealed that most of the chemokine is released during the first 24 h (Fig. 1b) . The concentration (c) profile of CCL19 in the cell chamber showed an initial increase, followed by a gradual decrease (Fig. 1c ) due to depletion of CCL19 from the gel and its limited half-life after release [27] . While the concentration (c) and the concentration gradient ðvc=vxÞ exhibited similar profiles, the specific gradient ðð1=cÞvc=vxÞ, which represents the fractional change in concentration per unit distance from the source, decreased but stayed above 5 cm À1 (Fig. 1d ), which is a threshold for directed cell migration [5, 28] . The time evolution of the concentration and gradient in the center of the device depends, among other variables, on the dimensions of the system. The concentration and specific gradient profile of the chemokine varies with position inside the chamber as shown in Fig. 1c and d . We used an interactive process to determine that for an experiment to be conducted within 24 h, appropriate dimensions for each chamber of the device are 3 mm in length and width and 1 mm in height, and the data shown are for a device with these dimensions.
Effect of dendritic cell activation state on directed migration in transwell system
Dendritic cell migration studies were next performed using a traditional transwell system to determine a baseline relationship between cell activation and chemotaxis. Transwell systems are multi-well plate assemblies with porous membrane inserts used to culture cells. Transient gradients are created between the top of the wells two bacterially-derived agents commonly serving as surrogates for bacterial infection for in vitro studies. To analyze DC activation, the percentage of cells expressing CD86 on their surface was determined using fluorescence activated cell sorting (FACS). CpG treatment led to 59% CD86þ cells and LPS treatment led to 79% CD86þ cells ( Fig. 2a ), suggesting that LPS is a better activating agent than CpG for dendritic cells. Next the migratory behavior of dendritic cells was monitored in response to the chemokine CCL19, following activation with either CpG or LPS. CpG induced more migration in activated cells compared with unactivated cells (Fig. 2b) , confirming that stimulated cells migrate faster towards CCL19. Even though LPS induced more CD86 expression in these cells than CpG, the migratory effect was comparable to that of the unactivated cells (Fig. 2b) . Because the transwell system and other traditional migration systems do not permit monitoring cell migration in real time, they limit one's ability to understand this behavior.
Dendritic cell chemotaxis in the microfabricated migration system
The advantages of utilizing a 3D-microfabricated system to study migration of activated dendritic cells include the ability to carry out precise measurements of cell migration speeds (chemokinesis) and velocities (chemotaxis) in real time. Dendritic cells were first placed in a collagen gel in the cell chamber, and their average velocity in the xdirection and overall speed were measured, with or without CCL19 in the chemokine chamber. For unactivated cells without chemokine (Unact Blank), the average x-velocity was not statistically different from zero, indicating a random walk process, as expected (Fig. 3a) . When CCL19 was introduced in the right chamber (Unact-CCL19), the average x-velocity remained approximately zero, indicating that CCL19 did not induce a chemotactic effect on unactivated cells. Activating cells in the absence of CCL19 (CpG-Blank) also did not lead to a migratory trend in any direction. However, when cells were both activated with CpG and exposed to CCL19 (CpG-CCL19), a weak but statistically-significant trend of cells migrating towards CCL19 was observed (Fig. 3a) . To better characterize the chemotactic effect of CCL19, cells activated with CpG were separated with FACS into homogeneous activated and unactivated cell populations, based on expression of the surface marker CD86. The migration behavior of the two cell populations was then analyzed. In the presence of CCL19 the average x-velocity of CD86þ cells increased dramatically (Fig. 3b) , and the x-velocity of these cells was approximately 4-fold greater than that of control CpG-activated cells. A substantial increase in the speed of CD86þ cells in the presence of the CCL19 as compared to CD86À cells was also observed (Fig. 3b ). To confirm a chemotactic effect on the x-velocity of CCL19 on CD86þ cells, and to rule out the possibility that these effects were simply due to a general increase in cell speed, the average y-and average z-velocities (directions perpendicular to the CCL19 gradient) were also measured for all conditions. The y-and z-velocities were all close to zero (Fig. 3b ). This finding indicates that the activation of cells specifically regulates the chemotactic migration of DCs towards the lymph node derived chemokine, CCL19. In general, the speed of activated cells was higher than that of unactivated cells, and further increased in the presence of a chemotactic gradient.
As mentioned previously, experiments in the transwell system yielded anomalous results d high LPS activation yielded low migration. This anomaly can be further explored by comparing the migration of LPS-activated cells in the 3D-microfabricated system to that of CpGactivated cells. Calculation of the x-velocity towards CCL19 in the 3D system revealed a stronger chemotactic effect of LPS (Fig. 3a) , confirming the expected relation between the efficacy of LPS and CpG in DC activation and subsequent ability to migrate towards CCL19. However, the average speed of cells in the presence of LPS is lower than that of unstimulated cells (Fig. 3a) . This unanticipated finding d LPS exposure slows overall DC speed, but enhances directed migration d likely partially explains the confusing result found in transwell studies, as that system cannot independently measure these two facets of activated DC response to chemotactic gradients. The faster overall DC speed following exposure to CpG, as compared to LPS, probably leads to more cells crossing the transmembrane filter in a random and undirected manner. Further, the concentration and steepness of the gradient in a transwell setup are very different from that in a 3Dmicrofabricated system, which might also cause the LPS-activated cells to respond differently in the two migration assays.
Effect of architecture on cell chemotaxis
Finally, we examined how architectural features in a microfabricated 3D environment regulate the chemotactic response from activated cells, as cell migration through 3D structures is especially pertinent in cell therapies using a biomaterial carrier or scaffold [29, 30] . First, the random migration of dendritic cells embedded in a collagen gel infiltrated with scaffolds of different pore-sizes, i.e., 25-mm (small), 50-mm (medium), and 75-mm (large) features was analyzed ( Fig. 4) . All scaffolds inhibited cell migration, as the average speed of the cells was lower within the scaffolds than in the same collagen gel outside the scaffold. Further, the speed of cells decreased with decreasing pore size due to increased obstruction from the matrix. The struts of scaffolds obstructed the movement of cells more frequently with decreasing pore size, causing a decrease in their speed. This result is similar to what we have shown earlier with HT1080 fibrosarcoma tumor cell line [26] In order to probe the variable effects of alterations in architectural complexity of the microenvironment and chemokine gradients, a three dimensional advection-diffusion type continuum migration model was used to simulate how these two variables would interact Fig. 4 . Scaffold effects on migration speed of dendritic cells. (a) Brightfield top-view image of different pore-sized scaffolds, referring to 25-mm, 50-mm and 75-mm poresized scaffolds as 'small', 'medium' and 'large' scaffolds, respectively. (b) Comparison of the average speed of cells inside small, medium and large scaffolds. The speed was also measured for the condition in which cells were embedded in a gel without scaffold (plain-collagen). Statistical significance was evaluated for difference in values between small scaffold and other conditions. For pairs connected by a dashed line p < 0.05. [31] . This model predicted that an originally homogeneouslydistributed cell population (Fig. 5b) would be pulled towards the chemokine source over time, as expected. The mean x-coordinate of cell distribution inside a 75-mm pore-sized scaffold, when a chemokine gradient is present, was predicted to shift by 100 mm towards the chemokine source at the end of 8 h (Fig. 5d ). This shift was smaller than the 120-mm shift predicted in the absence of a scaffold (Fig. 5c ). Furthermore, 25-mm pore-sized scaffolds were predicted to allow a mean x-displacement of the cells of only 5 mm (Fig. 5e ). These modeling results suggest a hindering effect on chemotaxis that becomes more pronounced with a decrease in the pore size of the scaffolds. This is not due to the diffusion and distribution of chemokine, because the chemokine molecule is small enough to have a similar concentration gradient profile across different pore-sized scaffolds (analysis not shown).
Chemotaxis experiments were next conducted using the range of scaffold architectural features shown by the modeling to impact cell migration. The average speeds, x-velocities, and cell distributions of activated cells in the presence and absence of chemokine were compared. The average speed decreased with decreasing pore size, and was highest in the absence of the scaffold (Fig. 6) , as predicted by the model. The cell speed in the large (75 mm) poresized scaffold was very similar to that in collagen without any scaffold, suggesting that constraining effects of architecture become negligible with pores around this size. Comparison of the average x-velocity for different conditions revealed that it was close to zero both within and outside the scaffolds in the absence of chemokine, as expected ( Fig. 6 ). In the presence of CCL19, the x-velocity decreased as the pore size decreases. The velocity of cells outside the scaffolds was much higher than that of cells inside the scaffolds, and this contrast was most pronounced in the smallest (25 mm) pore-sized scaffolds.
Discussion
In this work, a system was developed to study the effects of chemotaxis and architecture on dendritic cell migration using a combination of simulations and experiments. The results suggest that this system can separate the effects of speed (chemokinesis) and velocity (chemotaxis) in the process of migration, and the activation of dendritic cells affects their overall migration towards the lymph node chemokine, CCL19. Additionally, the architecture of the microenvironment of the cells strongly influences their chemotactic motility. An 'L-shaped' device, which can be used to study the effects of two chemokines/growth factors on the migration of cells, was developed. If desired, the shape of the device could also be modified from an 'L-shape' to a 'Plus-shape' to study the role of conflicting gradients by placing more than two chemokines in various endchambers of the device. The dimensions of the device were chosen based on the values of absolute concentration and specific gradient of the chemokine as predicted by the simulation. Chemotaxis is driven by the detection of differences in attractant concentration over the length of the cell via cell surface chemokine receptors. In order for chemokines to effectively direct migration of cells, both the local concentration of the attractant and the specific gradient must take values within a limited range appropriate for support of chemotaxis [5, 28] . Some chemokines bind with high affinity to their receptors on cells; such chemokines function best at very low concentrations, as a very high chemokine concentration saturates the chemokines receptors and prevents detection of any gradient [32] . In addition to absolute concentration, the specific gradient is a critical factor in chemotaxis, and must be large enough for detection by cells. Theoretical [5] and experimental [5, 28] analyses suggest that soluble chemokines must form a specific gradient on the order of 5e10 cm À1 to elicit directed migration, corresponding to a minimum 0.5e1.0% change in attractant concentration over the length of a typical cell (10 mm diameter). This prediction is consistent with the results of this study, as a specific concentration of 5 cm À1 efficiently drove dendritic cell chemotaxis.
Dendritic cells provide a vital link to the response of other immune cells to the environment. The results of these studies demonstrate that one can quantitatively control the directed migration of dendritic cells by optimizing their activation state and by localizing chemotactic gradients. Interestingly, the effect of dendritic cell activation on average cell speed varied significantly depending on the activation agent used. CpG increased the average cell speed (random cell motion), whereas LPS yielded a decrease. Cells activated by either cue exhibited chemotaxis towards a source of CCL19. The increased magnitude of chemotaxis (x-velocity) with LPS treatment was likely due to these cells not migrating as randomly as CpG-activated cells, yielding a more specific response to the cytokine. The lack of correlation between activation state and chemotaxis found in the transwell system suggests that, although standard migration assays may be simpler, they can be misleading, as they do not allow one to separately analyze random versus directed cell migration.
The results of these studies demonstrate a striking interplay between architectural features of the material through which the cells are migrating, and chemokine gradients in directing dendritic cell migration. First, the random motility of cells migrating inside scaffolds was found to decrease, in both simulations and experiments, as the pore size decreased, likely due to the hindrance to cell movement from scaffolds. As the pore size inside the scaffold increased, however, the cell movement started to resemble migration outside of scaffolds. This suggests that, beyond a particular size range, the presence of a scaffold does not have a significant effect on chemotactic cell migration. Directed cell migration in response to a CCL19 gradient, as measured by the average x-velocity of cells, also decreased as the pore size decreased, slowing cell migration towards the chemokine source. Even when a matrix structure is not physically tortuous enough to affect chemokine distribution, it can still hinder cell locomotion, and architectural features can play a dominating factor in the chemotactic migration of cells.
Conclusion
A 3D ex vivo system with chemokine gradients was developed to study the interplay of matrix architecture and chemokine gradients in directed cell migration. The major strengths of this system are the ability to quantify both chemokinesis and chemotaxis, allowing one to clarify data arising from traditional migration assays. The finding that matrix architecture dramatically affects chemotaxis is likely to impact current approaches in vaccine development which involve immune cell trafficking in vitro and in vivo [33, 34] , and tissue engineering strategies that rely on progenitor cell chemotaxis [35e37]
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